A series of 24 novel derivatives of the calycanthaceous alkaloids with a tetrahydropyrroloindol-based core structure was synthesized from tryptophan in good yields. Their structures were characterized by IR, 1 H NMR, and 13 C NMR spectroscopy and ESI-MS. The synthesized compounds were evaluated against a wide variety of plant pathogenic fungi. Compound a9 exhibited a high degree of activity against Curvularia lunata, with 91.0% activity at a concentration of 100 µg mL -1 and with an EC 50 of 44.6 µg mL -1 . a7, a8, a13, and a17 exhibited high degrees of activity against Sclerotinia sclerotiorum, with a8 being the most effective with an EC 50 of 38.4 µg mL -1 . Compound a9 illustrated activity against Botrytis cinerea, with an EC 50 of 79.5 µg mL -1 . Considering the compounds evaluated, the alkyl substituents of the chain may contribute to the significant variations in fungicidal potency. The structure antifungal activity relationships are also discussed. These results will pave the way for further design, structural modification, and development of calycanthaceous alkaloids as antimicrobial agents.
Natural products are one of the key sources for the discovery of agrochemicals [1] [2] [3] . Calycanthaceous alkaloids (Figure1) [4] , which include calycanthine, folicanthine, chimonanthine and calycanthidine, are an important class of alkaloids that can be isolated from roots, leaves, flowers, and fruits of Chimonanthus praecox, a species mainly distributed in China, North America and Australia [5] . Calycanthaceous alkaloids have demonstrated important biological activities such as anti-convulsant, anti-fungal, anti-viral, analgesic, anti-tumor, and melanogenesis inhibitory properties [5] [6] [7] [8] [9] . Because of their broad spectrum of biological properties, a number of studies aimed at the synthesis and antimicrobial activity of calycanthaceous alkaloids have been reported [10] [11] [12] [13] [14] [15] . To date, little attention has been paid to the structural optimization of the tetrahydropyrroloindole core structure of calycanthaceous alkaloids for their antimicrobial activities. Therefore, we envisioned that structural optimization might be a lead for the discovery of novel agricultural fungicides.
Herein, a series of novel analogs of calycanthaceous alkaloids was designed and synthesized using tryptophan as starting material via an efficient method. The antimicrobial effects of the compounds and their structure antifungal activity relationships were investigated. To the best of our knowledge, the antimicrobial activities of the synthetic derivatives are reported for the first time.
The synthetic route of the title compounds is outlined in Scheme 1. The analogs of calycanthaceous alkaloids were synthesized using tryptophan as the starting material via acylation at the 8-N position. Acylation resulted in 24 derivatives, 20 of which have not been previously characterized. The synthesized compounds were characterized by 1 H NMR, 13 C NMR, and DEPT. The activities of these compounds towards a wide variety of plant pathogenic fungi were evaluated, with the following results: The inhibitory effects of calycanthaceous alkaloid analogues against spore germination of Botrytis cinerea and Curvularia lunata are listed in Table 1 . A spore germination inhibition assay was utilized, with 80% (v/v) mancozeb WP as a positive control, to investigate the activities of the 24 synthesized calycanthaceous alkaloid analogues against C. lunata and B. cinerea at the concentration of 100 µg mL -1 . Compound a9 exhibited a high degree of activity against C. lunata, with 91.0% activity and with an EC 50 of 44.6 µg mL -1 ( Table 2) .
Inhibitory effects of calycanthaceous alkaloid analogues against phytopathogenic fungi are listed in Table 3 . A mycelium growth inhibition assay was utilized, with carbendazim as a positive control, to evaluate the activities of the 24 synthesized calycanthaceous alkaloid analogues against Eggplant verticillium, Fusarium oxysporum, Colletrotrichum gloesporioides, Botryticinerea sp., Alternaria alternata, Gibberella zeae, Sclerotinia sclerotiorum and C. lunata at the concentration of 100 µg mL -1 . Among the synthesized compounds, a7, a8, a13, and a17 exhibited high degrees of activity against S. sclerotiorum, with a8 being the most effective with an EC 50 of 38.4 µg mL -1 (Table 4 ). Compound a9 illustrated activity against B. cinerea, with an EC 50 of 79.5 µg mL -1 ( Antimicrobial activity of analogs of calycanthaceous alkaloids Natural Product Communications Vol. 11 (10) 2016 1431 Twenty-four novel calycanthaceous alkaloid core structure tetrahydropyrroloindol-based derivatives were synthesized by modification at the 8-N position, and evaluated for their activity against a wide variety of plant pathogenic fungi. The alkyl substituents at the acylamide position of the calycanthaceous alkaloids illustrated that the long chain alkyl substituents are favorable for higher activity against the fungi, while no activity was observed for the short chain alkyl substituents at the acylamide position. On the basis of the SAR analysis, it can be concluded that the variances among the substituents at the 8-N position showed a significant relationship with fungicidal activity against a wide variety of plant pathogen fungi. Furthermore, considering the bioassay of the title compounds, the chain alkyl substituents may contribute to the significant variations in fungicidal potency. These results will pave the way for further design, structural modification, and development of calycanthaceous alkaloids as antimicrobial agents.
Experimental
General: All reagents and solvents were either reagent grade or purified according to standard methods before use. Analytical thinlayer chromatography (TLC) was performed with silica gel plates using silica gel 60 GF 254 (Qingdao Haiyang Chemical Co., Ltd.). Melting points were measured on an electrothermal digital apparatus made in Beijing and were uncorrected. The 1 H NMR (500 MHz), and 13 C NMR (125 MHz) spectra were obtained on a Bruker AM-500 FT-NMR spectrometer with CDCl 3 as the solvent and TMS as the internal standard. MS were recorded under ESI conditions using a Thermo LCQ Fleet instrument. Optical rotation was measured using a Rudolph Autopol II. Yields were not optimized. The title compounds were synthesized under a nitrogen atmosphere.
Synthesis:
The general synthetic methods for compounds a1-a24 are depicted in Scheme 1.
Synthesis of compound 6:
To a stirred solution of tryptophan (4.08 g, 20 mmol) in 30 mL of methanol was added thionyl chloride (1.74 mL, 24 mmol, 1.2 eq.), dropwise at 0°C. The resulting mixture was allowed to warm to rt for a further 1 h. The solvents were removed to provide the desired product 6.
Synthesis of compound 7:
To a solution of compound 6 (3.27 g, 15 mmol) in 20 mL of pyridine was added methyl chloroformate (1.44 mL, 18 mmol, 1.2 eq.), dropwise at 0 o C. The resulting mixture was allowed to warm to r.t. until TLC monitoring indicated the disappearance of 6 (0.5 h), then the reaction mixture was quenched with methanol (1 mL), and extracted 3 times with ethyl acetate. The organic extracts were combined, washed with brine, dried over Na 2 SO 4 , and concentrated. Purification by flash chromatography on silica gel (light petroleum : acetone = 4:1) afforded compound 7.
Synthesis of compound 8:
To compound 7 (2.77 g, 10 mmol) was added 27 mL of H 3 PO 4 (85%), and the mixture was stirred until TLC monitoring indicated the disappearance of 7 (12 h). The reaction mixture was poured into ice water and neutralized to pH 7 with saturated NaHCO 3 , and extracted 3 times with ethyl acetate. The separated organic phase was washed with water and brine and dried over Na 2 SO 4 . The solvent was removed under reduced pressure. The crude product 8 was used for the next step without further purification.
General procedure for the preparation of compound a1-a24: To a solution of compound 8 (276 mg, 1 mmol) in dichloromethane (20 mL) and pyridine (5 mL) was added the corresponding desired reagents, dropwise at 0°C. The resulting mixture was allowed to warm to rt until TLC monitoring indicated the disappearance of 8, then quenched with methanol (1 mL), and extracted 3 times with ethyl acetate. The organic extracts were combined, washed with brine, dried over Na 2 SO 4 , and concentrated. Purification by flash chromatography on silica gel afforded compound a1-a24.
a12: Reagents: m-chlorobenzoic acid. Crystals, The steric configuration of a12 was unambiguously confirmed by X-ray crystallography as illustrated in Figure 2 . The data of the other compounds and the NMR spectral details can be found in the Supplementary data.
Biological assay:
The antimicrobial activity of calycanthaceous alkaloid analogues was measured according to a previously reported method [16, 17] .
Inhibition of spore germination method:
The spore suspension was adjusted with sterile distilled water. The compounds were dissolved in 1% dimethyl sulfoxide (DMSO), and then dilutions with the spore suspensions were made to a concentration of 100.0 μg·mL -1 . Seventyy µL of the spore suspensions were taken onto the glass slide. About 100 spores were counted and the percentage of spore germination was calculated. Mancozeb WP and distilled water were used as the positive control and the blank test, respectively. All experiments were conducted in triplicate. EC 50 was determined by
